We report measurements of the fluorescence lifetimes of positronium (Ps) atoms with principal quantum numbers n = 10-19. Ps atoms in Rydberg-Stark states were produced via a two-color two-step 1
D excitation scheme first demonstrated by Ziock and co-workers [36] . Although this technique couples ground-state atoms to excited states with s or d character, the resulting Rydberg states will in general not themselves be pure s or d states.
In hydrogenic atoms, (e.g., H, D, or Ps) or for high-(typically 4) states of nonhydrogenic species, the degeneracy in the absence of external fields effectively precludes photoexcitation of high Rydberg states described by a single value of . Even the weakest stray electric fields break the spherical symmetry of the pure Coulomb potential, leading to mixing of the degenerate pure-states [39] . Under these circumstances it is more convenient to solve the Schrödinger equation in parabolic coordinates rather than spherical polar coordinates. The resulting eigenstates are then labeled according to their parabolic quantum numbers n 1 and n 2 , and Stark states may be characterized using the index k = n 1 − n 2 [29] .
Atomic beam experiments have been reported in which stray electric fields were canceled to ±20 μV/cm [28] . However, in experiments in which Ps is produced by the implantation of magnetically guided positrons into porous silica, canceling stray electric fields to this level is practically impossible, and motionally induced electric fields cannot be avoided [40] . Consequently, it is necessary to consider each excited state to possess mixed-character when determining fluorescence lifetimes, or blackbody-radiation-induced decay rates, even for photoexcitation in spatial regions with nominally zero electric fields. The spectral intensities of the transitions to these states from the ground, or a low-lying intermediate state, are then governed by the amount of lowcharacter (i.e., s or d character) they possess.
Here we present measurements of lifetimes of Ps atoms in Rydberg states with principal quantum numbers ranging from n = 10-19. Many measurements of the fluorescence lifetimes of short-lived, low-angular-momentum Rydberg states of nonhydrogenic atoms have been performed in beams, and in laser-cooled ensembles (e.g., [41] [42] [43] [44] ). However, the long lifetimes of -mixed hydrogenic Rydberg states make it difficult to achieve sufficiently long observation times in beam experiments to enable precise measurements. The development of Rydberg-Stark deceleration techniques and electrostatic trapping of samples initially traveling in beams [33, 45, 46] have permitted measurements of decay processes involving these states on time scales extending up to several milliseconds in room temperature and cryogenic environments [47, 48] .
Some of the problems associated with measuring long Rydberg-state lifetimes are exacerbated in the case of Ps. In particular, typical Ps speeds are of the order of 10 5 ms −1 [49] [50] [51] , and so long flight paths are required in order to measure lifetimes on the microsecond time scale. The first attempt to directly measure Rydberg Ps fluorescence lifetimes was made by Jones et al. [23] . In this experiment ∼0.6-eV Ps atoms were detected after flying for 0. 
II. EXPERIMENTAL METHODS
The experimental apparatus and techniques used to produce and detect Rydberg Ps atoms are described in detail elsewhere [52] . Low-energy positrons are obtained from a radioactive 22 Na source [53] and captured in a Surko-type buffer gas trap [54] . Approximately 10 5 positrons are ejected from the trap every second and delivered to the target in a pulse with a time width of t ≈ 4 ns [55] and a Gaussian spatial profile with a FWHM of 3 mm. The positron implantation energy is controlled by biasing the target electrode, shown schematically in Fig. 1 .
The positronium formation target used was a thin mesoporous silica film, spin coated on a silicon substrate [56, 57] . The target was made using the sol-gel method with TEOS (tetraethylorthosilicate) as a precursor to silicon dioxide, with a triblock copolymer Pluronic F-127 (poloxamer 407) [58] . After positron implantation, Ps is formed in the bulk material and then diffuses through the interconnected pore network. The emission time (1-10 ns [35] ) and Ps energy (0.03-1 eV) [59, 60] depend on how far the Ps travels through the target and hence on the positron beam implantation energy. The Ps production efficiency is approximately 0.25/e + , resulting in a dilute Ps gas in vacuum with an initial density of ∼10 7 cm −3 . Two Nd:YAG pumped dye lasers (6 ns FWHM) were used to excite Ps atoms to Rydberg states in a resonance-enhanced two-color two-photon process. spatial overlap with the Ps cloud, which at the time of excitation extends out from the target by less than 0.2 cm. A large UV bandwidth was required to obtain a significant spectral overlap with the Doppler-broadened 1 3 S → 2 3 P transition. This overlap is the main limitation on the overall efficiency for excitation of Rydberg states, and in the present experiments we estimate that we generate on the order of 10 3 Rydberg atoms per pulse.
The silica film was mounted on a planar (target) electrode, used to control the positron implantation energy. A second (ring) electrode was mounted parallel to the target, with an offset of 7.8 mm and a 10-mm-diameter entrance hole. This arrangement is used to control the electric field in the Ps excitation region without changing the positron implantation energy. Both electrodes were biased to −2 kV in order to eliminate the electric field in the excitation region. However, because of the large entrance aperture the resulting electric field was ∼100 V cm −1 (see Fig. 1 ). The production and photoexcitation of Ps atoms was monitored via their annihilation radiation using a technique known as single-shot positron annihilation lifetime spectroscopy (SSPALS) [61] . This method uses a fast γ -ray detector [62] connected to an oscilloscope to monitor the time dependence of Ps annihilation radiation. Since Rydberg Ps atoms live for much longer than ground-state Ps atoms, they can be detected via the presence of a delayed annihilation signal [52] . In the present experiment a signal is obtained from atoms that collide with the chamber walls around 500 ns after they have been excited.
We can in general observe laser-induced transitions that affect Ps decay rates by measuring changes in the timedependent γ -ray signal [52] . This leads to a signal parameter S γ that can be used to characterize Ps-laser interactions. Figure 2 shows the spectrum of the 2 3 P → 12 3 
S /12
3 D transition measured in this way. The ∼130 GHz width of this transition is consistent with Doppler broadening for Ps with a transverse speed of ∼10 5 ms −1 , and the bandwidth of the excitation lasers. The SSPALS methodology is not well suited for studying very long-lived Ps atoms, since they may travel a long distance from the excitation region and leave the detector field of view. In order to detect these atoms, a NaI scintillator coupled to a photomultiplier tube was used, as indicated in Fig. 3 .
In the experiments the incident positron beam was magnetically steered through a 45
• angle with respect to the trap axis before reaching the target. This provided an excitation region in which the electric and magnetic fields could be aligned and still allow Rydberg Ps emitted normal to the silica film to travel along a drift tube rather than towards the positron trap (see Fig. 3 ). The NaI detector was located 1.2 m from the production region, and the vacuum chambers collimated the Ps such that only atoms emitted with angles less than 1.5
• would be transmitted to the detection region (see Fig. 3 ). By counting the arrival time of γ rays registered at the end of the flight path • and implanted into a mesoporous silica target. Ps atoms emitted almost normal to the film and excited to sufficiently long-lived states travel 1.2 m along the straight flight path (green dashes) to annihilate near the NaI γ -ray detector.
relative to the positron implantation time, TOF spectra were obtained.
Two detectors were used to perform the TOF measurements, one with a 76 mm diameter NaI scintillator and one with a 50 mm diameter scintillator. The data from both detectors were combined. NaI has a scintillation decay constant of 0.23 μs, which is not appropriate for SSPALS but is suitable for single event counting at a low rate. The NaI detector output was recorded with an oscilloscope, triggered by the trap dump sequence. The wave forms were recorded in 6-ns time bins for a period of 20 μs.
The occurrence of trigger events was determined by postprocessing the recorded NaI wave forms; a trigger was registered if the signal fell below a threshold of −1 mV for a period of at least 100 ns. The time of the leading edge, the amplitude, and the width of each trigger event were recorded (see Fig. 4 ). The timing resolution was determined primarily by the oscilloscope sample interval (∼6 ns) rather than the long decay time of the NaI. As the wave form was recorded in its entirety, the threshold conditions could be adjusted after the fact to minimize true event rejection and reduce the rate for double counting or false triggers. The absolute detection rate was between 1 and 4 events per shot, and trigger pileup was therefore negligible.
The registered events were collected in a histogram comprising 500-ns time bins to generate the corresponding TOF spectra. Figure 5 shows a TOF spectrum obtained with the IR laser tuned to excite Rydberg states with n = 18, along with a background measurement with the IR laser off-resonance. The difference between the two spectra corresponds to the signal from Rydberg Ps atoms. For these data, the total signal event rate is ∼0.5 Hz. The decaying background is assumed to come from the annihilation of positrons that are backscattered from the target or have otherwise become temporarily trapped in the beamline. An exponential fit to the background yields a decay rate of 0.33 μs −1 .
III. EXCITED-STATE FLUORESCENCE LIFETIMES
The fluorescence lifetime, τ n , of a pure-Rydberg state is given by the inverse of the sum over the Einstein A coefficients associated with all allowed decay pathways to lower-lying states |n , i.e., where [29] A n ,n = 2e 2 ω
and ω n ,n = 2πν n ,n is the angular frequency corresponding to the energy difference between the states, max = max( , ), and e, 0 ,h, and c are the electron charge, the vacuum permittivity, the Planck constant, and the speed of light in vacuum, respectively. The corresponding fluorescence lifetimes of the s, p, d, and "circular" ( = n − 1) states of Ps with values of n in the range from 10 to 20 are displayed in Fig. 6 . When the Rydberg states are photoexcited in a stray or weak background electric field, as in the experiments described here, the mixed-character of the resulting states leads to fluorescence lifetimes that lie between those of the short-lived low-states and the long-lived, high-circular states (see Fig. 6 ). The fluorescence rate, nn 1 n 2 m , of each -mixed |nn 1 n 2 m state can be determined by summing over the decay rates of the |n components into which it can be transformed, weighted by the squares of the transformation coefficients, nn 1 n 2 m|n m , where [29] nn 1 n 2 m|n m = (−1)
with the last term in brackets representing a Wigner-3J symbol. Therefore the fluorescence lifetime, τ nn 1 n 2 m , is [63] 
The dependence of these fluorescence lifetimes on the differences between the parabolic quantum numbers, k = n 1 − n 2 , for excited states of Ps with n = 10 and 20, and |m| = 0,1, and 2 are displayed in Fig. 7 . These fluorescence lifetimes exhibit a strong dependence on the value of |m|. In hydrogenic atoms, the pure ns excited states live longer than the np states because they cannot decay directly to the 1s ground state (see states the contributions of the "longer-lived" s components to the total fluorescence lifetimes are canceled by their "short-lived" p character, while this is not the case for the low-|k| states. This is the origin of the strong dependence of the m = 0 fluorescence lifetimes on the value of k. For higher values of |m| the contributions to the -mixed Rydberg states from each value of balances, and because the fluorescence lifetimes increase monotonically with increasing values of , a corresponding increase in the fluorescence lifetimes of the mixed states is seen as |m| increases.
In the experiments reported here the Rydberg state photoexcitation process is in general saturated. Therefore for each value of |m| the observed fluorescence lifetime is expected to be approximately equal to the mean lifetime across each |nn 1 n 2 m manifold. The dependence of these mean lifetimes on the value of n can be seen in Fig. 8 . For each value of |m| considered, the lifetimes τ fl, |m| scale with n 4 (dashed curves):
IV. RESULTS AND DISCUSSION
The experiments reported here were carried out using Ps atoms excited to Rydberg states, with TOF spectra obtained for atoms with values of n in the range 10-20. Figure 9 (a) shows spectra recorded using SSPALS by scanning the IR laser wavelength and driving 2 The inversion in the sign of the signal parameter S γ for n 21 is related to whether or not atoms are able to leave the excitation region without field ionization taking place. The data are analyzed such that S γ is negative when Ps annihilation is delayed relative to the 142-ns ground-state lifetime [52] . However, if atoms annihilate on a shorter time scale (e.g., following ionization), then S γ will be positive.
The magnitude of the largest electric fields experienced by the Ps is ∼0.9 kV cm −1 [see Fig. 1(b) ]. This allows complete extraction of Ps up to n ∼ 19; for higher n states field ionization begins to filter different Stark states, until eventually no atoms are able to leave the excitation region. The data in Fig. 9(a) therefore indicate that all states with n < 20 are able to leave the interaction region but atoms with values of n 22 cannot. In the intermediate region some Stark states are transmitted while others are ionized [38] . This is visible also in the data presented in Fig. 9(b) , which shows the NaI signal measured in the same scan and indicates that negative S γ measurements of Fig. 9(a) are correlated with the ability of Rydberg atoms to reach the NaI detector.
Positronium atoms created in mesoporous silica films [57] are emitted into the internal voids with an initial energy of ∼1 eV [64] , which decreases rapidly following collisions with the internal surfaces [65] . Increasing the positron beam implantation energy, and hence depth [66] , increases the number of Ps-surface interactions and results in the emission of colder Ps [59] . The ∼5-nm pores in the films used in the present work are such that the minimum Ps emission energy is determined by quantum confinement, with a void zero-point energy of E 0 ∼ 30 meV [60] . The Ps energy can therefore vary from 0.03 eV to 1 eV, and the expected flight times to the NaI detector range from 3 to 16 μs.
For the TOF measurements shown here the positron beam implantation energy was 2 keV, which results in a mean longitudinal Ps emission energy of the order of 150 meV [35] .
The distribution of Rydberg Ps atoms will be modified because the spectral, spatial, and temporal profiles of the excitation lasers select a subset of the ground-state atoms [27] . Large laser beam sizes (∼0.5 cm FWHM) were used to maximize the number of Rydberg atoms produced, and to minimize the extent to which shot-to-shot variations or beam drifting could affect the Rydberg Ps velocity distributions.
A series of TOF measurements were made for Rydberg Ps atoms excited to states with values of n ranging from 10 to 20. Data were recorded for 60 s at each n, and two background spectra were recorded with the IR laser off resonance (λ = 751.465 nm). This was repeated for a total of 65 h, during which the order of measurements for each 13-min series was randomly shuffled. The corresponding background-subtracted event rates per 500-ns time bin are shown in Fig. 10 for the even n scans. It is evident from the data that more events are detected at later times (t > 8 μs) for the higher-n states, as expected. The maximum detection rate occurs at t ∼ 5 μs and is similar in amplitude for all spectra with n 13. The similarity of these spectra indicates that the lifetimes of the corresponding Rydberg states are at least of the same order as the flight times (i.e., 3-18 μs), which is consistent with the fluorescence lifetimes calculated in Sec. III.
The main factors that determine the shape of the TOF spectra and total event rate are the underlying (laser-selected) Ps velocity distribution, and any loss mechanisms. The former depends on the details of the Ps production and emission from the silica sample and is expected to be the same for all TOF measurements. The latter includes any processes that might prevent Rydberg Ps atoms from reaching the NaI detector.
The low density of Ps atoms produced in the experiment (∼10 7 cm −3 ) means that collisional losses are not expected. Similarly, secondary electrons produced by the incident positron beam will not be present at the time of Ps excitation and therefore are also not expected to affect the Rydberg Ps atoms. The inhomogeneous electric field outside the Ps excitation region could slightly alter the trajectories of Rydberg Ps atoms [30, 31] and lead to an n-dependent detection rate downstream. However, the γ -ray signal resulting from collisions with the vacuum chamber wall has no discernible dependence on n, and the similarity of the TOF spectra for higher n also suggests that there is no significant Ps deflection. Therefore, the most likely loss mechanisms are (1) field ionization upon leaving the excitation region, (2) direct in-flight annihilation of the Rydberg atoms, (3) annihilation following transitions induced by blackbody radiation, and (4) fluorescence and subsequent annihilation from the ground state.
As is evident from Fig. 9(a) , complete field ionization of states with n 23 occurs in the electric fields used in the experiments. There is also some field ionization for lower-n states, which will occur in lower electric fields for the outermost high-field-seeking Stark states [29] . The maximum electric field outside the excitation region is ∼900 V [see Fig. 1(b) ]. This is sufficient to ionize some high-field-seeking states with n = 20 [38] , and a small (∼10%) decrease in the total NaI count rate is observed for n = 20 compared to n = 18 (see Fig. 10 ). However, only the loss of m = 0 Stark states will significantly affect the mean Ps lifetime (see Fig. 7 ), resulting in a slightly longer average lifetime. Since all accessible m states are expected to be approximately equally populated and the n = 20 lifetime is already much longer than the flight time, we expect these effects to be negligible in the present measurements.
As previously reported with regard to the photoexcitation of Ps to states with n = 2, singlet-triplet mixing in the presence of weak magnetic fields can be significantly affected by the addition of electric fields [67] . The increased sensitivity of highly excited Rydberg states to electric fields can further enhance this effect. Although direct annihilation of excited states with 1 is strongly suppressed, this is not the case for the singlet s states with = 0. Because the Ps atoms photoexcited in the experiments described here are initially in their triplet ground state, direct singlet-s annihilation in the Rydberg states can only occur following singlet-triplet mixing induced by the electric and magnetic fields in the experimental apparatus. If this mixing does occur, the maximal singlet-s contribution to any excited state would lead to it possessing 1/(2n) singlet-ns character. This would result in a lower bound on the average lifetime in the experiments (including both fluorescence and direct annihilation) of 1.7, 8.6, and 27 μs, at n = 10, 15, and 20, respectively, compared to 2.2, 11, and 35 μs with no direct annihilation. There may therefore be some contribution to our measured lifetimes from direct annihilation. However, as these numbers assume complete mixing, we expect that the actual contributions would be significantly less.
The triplet Rydberg states prepared in the experiments can by depopulated by transitions driven by blackbody radiation. In the room-temperature environment in which the experiments were performed, the time scales for n = 1 blackbody transitions between -mixed Rydberg states of Ps are approximately 20, 50, and 70 μs for initial states with n = 10, 15, and 20, respectively. Such n = 1 transitions give the greatest contribution to the rates of blackbody depopulation of the initially prepared states. Although these time scales indicate that blackbody transitions are likely to occur in the experiments, they also suggest that they will not dominate or significantly modify the rates of decay by fluorescence.
If the only significant loss mechanism of Rydberg states is fluorescence and the Rydberg Ps velocity distributions are constant for all values of n, it is possible to make a quantitative estimate of the fluorescence lifetimes using the TOF data. To do so it is assumed that the measured distribution for n = 20 is not subject to significant loss by fluorescence, and the lifetime of this state is 34.6 μs, the average calculated value for all accessible m states, as shown in Fig. 8 . This estimate is based upon the fact that the laser polarization used results in the population of all m states [38] and that the transitions are saturated, as indicated by the data shown in Fig. 9(a) . This allows us to determine the underlying TOF distribution with no radiative decay:
where α n is a scaling factor. Using n = 20 as a reference to obtain f ∞ , a least-squares minimization routine finds τ n for each of the other TOF distributions, as shown in Fig. 11 . The central shaded region in this figure indicates the range of fluorescence lifetimes that would be obtained if the n = 20 lifetimes for m = 0,1, or 2 were used. The fact that the TOF spectra measured using atoms with values of n 14 are very similar means that the lifetimes obtained for these states are extremely sensitive to the choice of τ 20 . However, for those states that exhibit significant fluorescence (i.e., those with values of n 13), the lifetimes obtained are very insensitive to the details of the analysis. The measured lifetimes support the expectation that singlet-triplet mixing is not maximal in our experiments and that the contribution of direct Rydberg-state annihilation is not significant.
V. CONCLUDING REMARKS
We have reported TOF measurements of Ps atoms in Rydberg states with principal quantum numbers ranging from n = 10-20. From these data we have determined the fluorescence lifetimes of states with n = 10-19 using the n = 20 spectrum as a reference. The measured lifetimes scale with n 4 and are representative of the mixed-character of hydrogenic Rydberg states photoexcited in the presence of weak electric fields. The lifetimes of Ps states accessible using this methodology are much longer than those of purestates, and can facilitate experimental schemes requiring very long-lived atoms.
Generating Ps with long lifetimes is an essential step towards a Ps free-fall gravity measurement [68] . This challenging experiment will require atoms that fall for several milliseconds to produce an observable deflection. For the same low |m| states as generated in the present work, this would require Ps atoms excited to states with values of n ≈ 50. These can already be produced, although in our current experimental arrangement states with n > 20 are field ionized upon leaving the excitation region. This problem could be eliminated by using a different electrode structure to gradually lower the field or by pulsing the electric fields. Resolving states with n > 30 would require a laser with a much narrower bandwidth, and the implementation of a Doppler-free excitation scheme (e.g., a single-color two-photon excitation [69] ). This would also enable selected excitation of individual k states at higher n, and thus produce long-lived Ps atoms with well-defined electric dipole moments, tunable from zero to more than 10,000 D.
